Introduction
============

The systemic RAS plays a critical role in cardiovascular homeostasis. All components of the RAS are also known to be produced cell-specifically within specific brain regions, although the role of the brain RAS relative to the systemic RAS has remained a puzzle due to the difficulty of differentiating these two systems. Powerful new experimental strategies such as somatic gene transfer via recombinant viral vectors offer potential avenues for analyzing these important systems independently[@B1].

Attenuated viral vectors, such as adenovirus, lentivirus, herpes simplex virus, and adeno-associated virus have been used to introduce genetic material into the nervous system[@B2],[@B3]. Adenovirus vectors permit the introduction of relatively large DNA sequences, are easy to construct and propagate, are safe to use, and can be cultivated to high titers. However, even though the brain is immune privileged compared with other organs, it has been shown that an inflammatory response is generated at commonly used viral doses (10^7^ infectious units or more) given via the intracerebral route. In addition, adenoviral-mediated transgene expression in the brain may be relatively short lived due to elimination of the virus by the immune response[@B4], [@B5]. We have previously shown that the human synapsin 1 (SYN) gene promoter coupled with an adenoviral vector produces neuron-specific transgene expression in primary neuronal cultures from rat hypothalamus and in adult rat paraventricular nucleus (PVN), but the over-expression diminished relatively quickly *in vivo*[@B6]. It has been suggested that, by using strong promoters, fewer immunogenic viral particles would be needed to mediate transgene expression and hence the inflammatory response could be reduced. To achieve this enhanced expression, we considered the use of post-transcriptional enhancer elements in conjunction with cell-specific promoters. The woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) is a powerful viral enhancer element that is thought to improve expression by modification of RNA polyadenylation, RNA export, and/or RNA translation[@B7]. Therefore, we incorporated WPRE with a human SYN promoter-enhanced green fluorescent protein (EGFP) reporter cassette in the construct Ad5-SYN-EGFP-WPRE. Next, we assessed the influence of WPRE on SYN promoter-mediated foreign transgene expression in cortical neuronal cultures and the PVN.

Recombinant adeno-associated virus (rAAV) has been utilized extensively in the nervous system as a gene delivery vector. It targets primarily neurons in the nervous system and results in sustained long-term expression of transgenes[@B8]-[@B11]. In this study, we used an AAV2 vector to produce longer-term (at least 2 months) neuronal overexpression of foreign genes (EGFP or the angiotensin type 2 receptor \[AT2R\]) in the PVN and other cardiovascular control regions of the brain, such the nucleus tractus solitarius (NTS) and rostral ventrolateral medulla (RVLM).

Materials and Methods
=====================

Animals
-------

In this study we used a total of 18 male Sprague-Dawley (SD) rats (9-10 weeks old), purchased from Charles River Farms (Wilmington, MA). The University of Florida Animal Use and Care Committee approved all animal procedures.

Preparation of Viral Vectors
----------------------------

Preparation of the adenoviral vectors Ad5-SYN-EGFP and Ad5-SYN-EGFP-WPRE (Figure [1](#F1){ref-type="fig"}A) was performed exactly as detailed previously[@B12]. The viral titers were 1.4 x 10^10^ infectious units (ifu)/ml for Ad5-SYN-EGFP and 2.5 x 10^10^ ifu/ml for Ad5-SYN-EGFP-WPRE. Expression of EGFP was driven by a human SYN promoter. The WPRE, which enhanced the expression of transgenes, was present downstream of EGFP.

Two AAV vectors, AAV2-CBA-AT2R-WPRE and AAV2-CBA-EGFP-WPRE, were constructed for this study (Figure [1](#F1){ref-type="fig"}B). Both of these constructs contained expression cassettes flanked by rAAV2 terminal repeats. Expression of EGFP and the angiotensin type 2 receptor (AT2R) was driven by a chicken beta actin promoter (CBA) with human cytomegalovirus (CMV) enhancer. Vectors were propagated in HEK293 cells using pDG as the helper plasmid and purified with a single-step gravity-flow column, and the purity of viral preparations was assessed by SDS-polyacrylamide gel electrophoresis [@B13]. Copies of viral genome DNA were determined by quantitative PCR [@B14]. The vector doses were expressed as genome copies (gc) and the titers were 1.0 x 10^12^ gc/ml for AAV2-CBA-EGFP-WPRE and 5.0 x 10^11^ gc/ml for AAV2-CBA-AT2R-WPRE.

Preparation of neuronal and astroglial cultures viral transduction
------------------------------------------------------------------

Primary neuronal cultures, and pure astroglial cultures were prepared in 24-well plates or 35 mm dishes from the hypothalami and brain stems or from the cerebral cortex of newborn SD rats, as detailed previously[@B15]. Cells were transduced with viral vectors at day 10 after preparation and 5 days later the expression of foreign genes was analyzed.

Viral injections into PVN, NTS and RVLM
---------------------------------------

Male SD rats were anesthetized with a mixture of O~2~ (1L/min) and 4% isoflurane, and placed in a Kopf stereotaxic frame. Anesthesia was maintained using an O~2~/isoflurane (2%) mixture delivered through a specialized nose cone for the duration of the surgery. Microinjections of the viral vectors (Ad-SYN-EGFP-WPRE, 1 μl of 5x10^6^ ifu; AAV2-CBA-EGFP-WPRE, 1 µl of 1.0 x 10^9^ gc; AAV2-CBA-AT2R-WPRE, 1 µl of 5.0 x 10^8^ gc) were performed as previously described [@B5], using the following stereotaxic coordinates. PVN (bilateral injections): 1.9 mm posterior to bregma, ± 0.2 mm lateral to the midline, and 7.8 mm ventral to the skull surface; RVLM (bilateral injections): 12.36 mm posterior to bregma, ± 2.0 ML, 9.7 mm ventral to the skull surface; NTS: 1.5 mm lateral to midline, 1.0 mm rostral to obex, and 1.5 mm below the dorsal medullary surface. At least 4 SD rats were used for injection of the individual viral vectors at each of these sites.

Real-time RT-PCR for the detection of EGFP mRNA
-----------------------------------------------

Total RNA was prepared from the transduced cultures or tissues using an RNeasy kit (Qiagen, Valencia, CA). EGFP mRNA was analyzed via quantitative real time RT-PCR as detailed by us previously[@B16].

Immunocytochemical Procedures
-----------------------------

[Neuronal cultures]{.ul}: Viral vector-treated cells were washed briefly with Dulbecco\'s phosphate-buffered saline (PBS) and then fixed for 10 min with PBS containing 0.1% Tween 20 (PBS/Tween) and 4 % formaldehyde solution. The fixed cells were permeablized in PBS containing 0.3% Triton X-100 (Sigma, 9002-93-1) for 20 min. Immunocytochemistry was then performed on the fixed cells as detailed previously[@B17], using a neuron-specific primary antibody (monoclonal anti-NeuN antibody, 1:1000; Chemicon International, Temecula, CA) or an astrocyte-specific monoclonal anti-glial fibrillary acidic protein \[GFAP\] (1:1000; Chemicon)), followed by Alexa Fluor 594 goat anti-mouse IgG (1:1000; Molecular Probes, Eugene, OR) as the secondary antibody. NeuN and GFAP immunoreactivity (red) and green fluorescence (from GFP) were detected using an Olympus BX41 fluorescence microscope.

[Brain Slices]{.ul}: Viral vector-injected rats were anesthetized with isoflurane and perfused transcardially with 100 mL of 0.9% NaCl followed by 100 mL of 4% paraformaldehyde in PBS. The brain was removed, post-fixed in 4% paraformaldehyde solution for 2-3 hours, and transferred to a phosphate buffer containing 20% sucrose. Following this, the brain tissues containing the PVN, RVLM, or NTS were sectioned in the coronal plane (30 µm) using a freezing microtome. Sections were floated onto glass slides ready for immunostaining. Antibodies were monoclonal anti-NeuN primary antibody (1:100) and Alexa Fluor 594 goat anti-mouse IgG (1:1000; Molecular Probes) secondary antibody. NeuN immunofluorescence and green fluorescence (from GFP) were detected using an Olympus BX41 fluorescence microscope

Receptor autoradiography
------------------------

At 2 months post AAV-CBA-AT2R injection, rats were deeply anesthetized with sodium pentobarbital and were perfused transcardially with chilled phosphate buffered saline. The brains were removed quickly, wrapped in aluminum foil, and frozen at −80 °C until sectioned. Coronal sections (20-µm thickness) were cut from rat brains using a cryostat and thaw-mounted onto gelatin-coated slides. The sections were allowed to dry at room temperature and then stored at -80°C until the time of autoradiography. The frozen sections were thawed and *in vitro* receptor autoradiography was performed using ^125^I-labeled sarcosine^1^, isoleucine^8^ angiotensin II (^125^I-SI Ang II) as described previously [@B18], [@B19]. The slides were incubated in a solution with 500 pM ^125^I-SI Ang II and 10 μM losartan (a selective AT1 receptor antagonist) to assess AT2 receptor binding and determine the AT2R expression. Alternate brain sections were incubated with 3 µM Ang II to define non-specific ^125^I-SI Ang II binding. The results were analyzed by quantitative densitometry using the computer program MCID ® (Imaging Research, St. Catherines, ON). Non-specific binding in the presence of 3 µM Ang II was subtracted from "Total binding" in the absence of Ang II to determine specific binding to AT2 receptors.

Results
=======

Generation and characterization of viral vectors
------------------------------------------------

The construction and characterization of the adenoviral vectors used in this study has been described previously[@B12]. Ad5-SYN-EGFP and Ad5-SYN-EGFP-WPRE are shown diagrammatically in Figure [1](#F1){ref-type="fig"}A. Unexpectedly, we observed weak SYN promoter-mediated expression during adenoviral passaging in HEK293 cells, a finding also reported by Kugler et al. [@B20]. The reason for this behavior was not investigated but may be explained by a recent finding that HEK293 cells express many neuron specific proteins, including neurofilament (NF), which suggests this cell line has some neuronal characteristics [@B21]. In addition, Ad5-SYN-EGFP-WPRE caused stronger GFP fluorescence in transduced HEK 293 cells compared with Ad5-SYN-EGFP (data not shown).

In this study, we also constructed the rAAV2 vectors AAV2-CBA-EGFP-WPRE and AAV2-CBA-AT2R-WPRE (Figure [1](#F1){ref-type="fig"}B). These vectors were purified using an easy-to-do single-step column purification (SSCP) by gravity flow based on affinity to heparin, without ultracentrifugation. Various vector preparations generated by this method have reproducibly showed high titers, infectivity, and purity as previously reported [@B13].

WPRE enhances transgene expression in cortical neuronal cultures transduced with adenoviral vectors
---------------------------------------------------------------------------------------------------

To characterize the effect of the WPRE on SYN promoter activity, we compared EGFP expression in neuronal cultures produced by Ad5-SYN-EGFP and Ad5-SYN-EGFP-WPRE. In transduced primary rat cortical neurons, Ad-SYN-EGFP-WPRE elicited greater green fluorescence in cells from day 1 post-transduction when compared with Ad-SYN-EGFP. At day 3 post-transduction, Ad-SYN-EGFP-WPRE caused a high level of green fluorescence in a large number of cells (Figure [2](#F2){ref-type="fig"}A), and this fluorescence was closely aligned with neuronal cells as evidenced by immunostaining for the neuron-specific marker NeuN (Figure [2](#F2){ref-type="fig"}, panels B, C). There was no significant EGFP expression in the few glia that are present in these cultures. Furthermore, real-time RT-PCR analyses revealed that Ad-SYN-EGFP-WPRE produced an \~ 3 fold greater increase in EGFP mRNA expression compared with Ad5-SYN-EGFP (Figure [3](#F3){ref-type="fig"}A).

Ad-SYN-EGFP-WPRE induced EGFP expression in glia from pure glial cell culture or co-cultures
--------------------------------------------------------------------------------------------

Residual SYN promoter activity in astrocytes has been reported in astrocyte enriched neuronal cultures[@B2]. Our results demonstrated that in co-cultures prepared from rat hypothalamus and brain stem, which contain a mix of neurons and glia, strong EGFP expression was observed in both cell types following transfection with Ad-SYN-EGFP-WPRE. Using immunocytochemistry, we demonstrated co-localization of EGFP with immunoreactive GFAP (Figure [2](#F2){ref-type="fig"} panels D-F). Furthermore, Ad-SYN-EGFP-WPRE elicited strong EGFP expression in astrocytes contained in glial cell cultures (Figure [2](#F2){ref-type="fig"} panel G-I) and produced a 26.6 fold increase of EGFP mRNA compared with Ad-SYN-EGFP without WPRE (Figure [3](#F3){ref-type="fig"}B).

Ad-SYN-EGFP-WPRE induced a high level of EGFP expression with no loss of neuronal specificity in the rat PVN
------------------------------------------------------------------------------------------------------------

To assess the effect of the WPRE on synapsin promoter activity *in vivo*, 5 × 10^6^ ifu of Ad-SYN-EGFP-WPRE was microinjected into the PVN and EGFP levels were observed by fluorescence microscopy at one month post-injection (Figure [4](#F4){ref-type="fig"}). The results demonstrated that Ad-SYN-EGFP-WPRE mediated a long-term (at least 1 month), high level of EGFP expression, with no loss of neuronal specificity in the rat PVN based on overlap with NeuN immunoreactivity (Figure [4](#F4){ref-type="fig"}). This expression occurred despite the ability of this vector to elicit EGFP expression in astrocytes *in vitro*(Figure [3](#F3){ref-type="fig"}B).

The Ad-SYN-EGFP elicited very minor expression of GFP mRNA in astroglia as shown in Figure [3](#F3){ref-type="fig"}B. However, the expression of GFP mRNA was not significantly different between the two doses (2.0x10^7^ ifu/well and 5.0x10^6^ ifu/well) used. Moreover, based on our immunostaining data (not shown), we have never observed any glial expression of GFP protein using either the high dose or low dose of Ad-SYN-EGFP. These results may suggest that the astroglial GFP expression elicited by Ad-SYN-EGFP-WPRE is due to a direct influence of the WPRE on the SYN promoter.

rAAV2 elicits a high level of neuron specific over expression of foreign genes in cardiovascular control regions of the brain
-----------------------------------------------------------------------------------------------------------------------------

Incubation of rat cortical neuronal cultures with AAV2-CBA-EGFP-WPRE (5 x10^9^ viral gc/well) resulted in a high level of neuron-specific GFP expression, as shown by co-labeling with immunoreactive NeuN (Figure [2](#F2){ref-type="fig"}, panels J-L). *In vivo*, microinjection of AAV2-CBA-EGFP-WPRE (1 μl of 1 x 10^9^ gc) into the PVN, NTS or RVLM of adult SD rats elicited significant neuronal expression of EGFP two months after the injection. The fluorescence micrographs in Figure [5](#F5){ref-type="fig"} demonstrate EGFP within neurons in the PVN (Fig.[5](#F5){ref-type="fig"}a), NTS (Figure [5](#F5){ref-type="fig"}b) and RVLM (Figure [5](#F5){ref-type="fig"}c) at 2 months post injection, as evidenced by co-localization with the neuron specific marker NeuN. Finally, microinjection of AAV2-CBA-AT2R (1 µl of 5.0 x 10^8^ gc ) into the RVLM of adult SD rats produced a high level of AT2 receptor expression within 7-14 days which was sustained to the end of the experiment (4.5 months) (Figure [6](#F6){ref-type="fig"}), as evidenced by receptor autoradiography. Microinjection of AAV2-CBA-EGFP-WPRE into the RVLM of adult SD rats elicited no increases in AT2R at this site, as evidenced by autoradiography (data not shown).

Discussion
==========

Currently, perhaps the most popular approach for investigating gene function is to generate a transgenic or knockout animal in which the resulting phenotype may give clues. In fact, a vast number of transgenic or knockout mice are commercially available. However, the transgenic or knockout technology has a number of drawbacks which limit its value in physiological genomics, especially when it comes to understanding highly complicated systems such as central cardiovascular control networks. One particular problem of the transgenic or knockout strategy is a lack of spatial/cellular specificity and temporal control. Considering this problem, it is well known that central cardiovascular control is performed by a set of coordinated brain nuclei all of which perform different functions. Therefore, site-specific genetic perturbation is an important requirement for experiments addressing functional genomics of central blood pressure control[@B22].

To interpret the outcome of a genetic manipulation, at least in the context of central cardiovascular control, it is essential to restrict the modification to specific nuclei or, even better, to a specific cell type within that nucleus and to have temporal control over the expression of transgenes. One way to meet all of these requirements is to use somatic gene transfer directed towards selected nuclei in order to increase or decrease expression of a particular gene. Blood pressure can easily be measured allowing one to determine the effects of delivered transgenes in a prolonged experiment. However, transfer of genes into an intact brain *in vivo* remains a challenging task. While transfections of cell lines including those of neural origin are relatively trivial using various transfection reagents, mature neurons in the living brain are either resistant to these procedures or susceptible to damage. This is why viral vectors, which can effectively deliver transgenes into brain cells and even integrate them into the host genome for long-term expression, are so attractive.

In this study, we developed an adenoviral vector containing both the WPRE and the neuronal specific SYN promoter. The SYN promoter is reported to be neuron specific alone[@B16] or in conjunction with the WPRE[@B5]. However, the SYN1 promoter was also observed to be either a little leaky, at least within dissociated neuronal cultures, or less specific[@B2]. Our i*n vivo*studies using a viral microinjection technique in rats demonstrated that 3\' addition of the WPRE increased EGFP expression for at least one month with no loss of neuronal specificity in the PVN. It is also reported that a similar SYN-EGFP-WPRE cassette mediated long-term expression in rat hippocampus [@B5]. However, *in vitro*, the latter vector also produced much higher levels of transduction into glia in the presence of high levels of glial cells compared with the vector Ad-SYN-EGFP without WPRE. The mechanism whereby WPRE increased expression of foreign genes in glia is unclear. This may be due to differences between cell cultures, e.g. cell type and differentiation stage, and probably the presence of certain cellular factors such CRM-1, which has been shown to be at least partly required for WPRE activity[@B23]. The WPRE (≈600 bp in size) is a *cis*-acting tripartite structure derived from the woodchuck hepatitis virus (WHV) DNA genome, which acts post-transcriptionally to increase both nuclear and cytoplasmic unspliced RNA levels when inserted in the 3′ untranslated region[@B7]. It is thought that the WPRE acts early to increase transgene expression, possibly by directing post-transcriptional processing[@B7], [@B24]. It has been found that WPRE-mediated enhancement of gene expression is promoter and cell line specific[@B25].

rAAV2 has been the most studied serotype in the brain and transduces exclusively neurons in the CNS[@B26]. Although rAAV1, rAAV5, rAAV8, rAAV9 and rAAV10 have been shown to transduce more neurons than rAAV2 injected at similar titers and with the same transcriptional cassette and produce a greater spread of foreign genes [@B27]-[@B29], rAAV2 is able to mediate significant expression of foreign genes in small cardiovascular control regions of the brain, such as the PVN, NTS and RVLM [@B30]-[@B32]. In addition, rAAV2 can be purified by using a simple single-step column purification based on its affinity to heparin, without need of a high level of manual and technical skills (CsCl2 gradient centrifugation, iodixanol/heparin or HPLC purification). These indicate the advantages of rAAV2 for use in studies on central cardiovascular control mechanisms.

In summary, both rAAV2 and adenoviral vector are able to mediate specific neuronal overexpression of foreign genes in the cardiovascular control regions of rat brains, and the expression elicited by rAAV2 can last at least 4.5 months. The use of these vectors in future studies may allow us to uncover some of the physiological functions of certain genes in these regions.
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###### 

**Schematic representation of the viral vectors used in this study. (A)** Adenoviral vectors, Ad5-SYN-EGFP-WPRE and Ad5-SYN-EGFP. Both adenoviral vectors contain the enhanced green fluorescent protein reporter gene (EGFP). ITR, Ad inverted terminal repeats; SYN 1, human synapsin 1 promoter; WPRE, woodchuck hepatitis virus post-transcriptional control element. **(B)**AAV2 vectors, AAV2-CBA-EGFP-WPRE and AAV2-CBA-AT2R-WPRE. AT2R, rat angiotensin II type 2 receptor; CBA, chicken beta-actin/CMV hybrid promoter; bGH, bovine growth hormone derived polyadenylation site.
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![**Ad5-SYN-EGFP-WPRE and AAV2-CBA-EGFP-WPRE-mediated transduction of GFP into brain cell cultures.**Primary rat cerebral cortical neurons (panels A-C), primary rat hypothalamus and brain stem co-cultures (panels D-F), and primary glial cell cultures (panels G-I) were transduced with Ad5-SYN-EGFP-WPRE (2x10^7^ifu/well) for 3 days as described in the methods. Primary rat cerebral cortical neurons (panels J-L) were incubated with AAV2-CBA-EGFP-WPRE (5x10^9^ifu/well) for 5 days as described in the methods. All incubations were followed by detection of EGFP fluorescence and immunostaining with either anti-NeuN or anti-GFAP antibodies. Panels **A, D, G** and **J**are representative images showing EGFP fluorescence. Panels **B, E, K**are NeuN immunostaining of the same field of cells in the respective panels **A, D** and **J**. Panel **H**is GFAP immunostaining of the same field of cells in respective panel **G**. Panels **C, F, I**, and**L** are merged images of panels **A/B, D/E, G/H**and **J/K** respectively.](ijmsv10p0607g03){#F2}

![**Expression of GFP in brain cell cultures transduced with Ad5-SYN- EGFP-WPRE or Ad5-SYN-EGFP.** Primary cerebral cortical neurons (panel **A**) or astroglial cultures (panel **B**) were transduced with Ad5-SYN- EGFP-WPRE or Ad5-SYN-EGFP for 3 days as described in the methods. Levels of EGFP mRNA were analyzed via real time RT-PCR. Data are means ± SEM from 3 experiments, are normalized to 18s RNA and are presented as arbitrary units.](ijmsv10p0607g04){#F3}

![**Ad-SYN-EGFP-WPRE mediated transduction of EGFP into rat PVN.**Ad-SYN-EGFP-WPRE (1 μl of 5x10^6^ ifu) was microinjected into SD rat PVN, and 1-month later brains were prepared for detection of EGFP fluorescence and immunostaining. A and D are representative fluorescence micrographs showing EGFP in the PVN of an Ad-SYN-EGFP-WPRE injected rat; B and E are NeuN immunostaining of the same area shown in A and D; C and F is the overlap between A and B or D and E respectively. A-C, 20x magnification; D-F, 400x magnification.](ijmsv10p0607g05){#F4}

###### 

**AAV2-CBA-EGFP-WPRE-mediated neuronal transduction of GFP into rat PVN, NTS and RVLM. (a)**Panel (A) is a representative fluorescence micrograph (20x magnification) demonstrating the localization of GFP two months after injection of AAV2-CBA-EGFP-WPRE (1 µl of 1.0 x 10^9^ gc) into the PVN. Panel (B) is a grayscale view of the picture from A, showing the location of the third cerebroventricle (3v). (C), (D) and (E) are higher power fluorescence micrographs from the PVN (100x magnification) showing respectively the presence of GFP, NeuN immunoreactivity and the overlap between the two. **(b)** and **(c)** Same as for **(a)**, except that vector injections were made in the NTS and RVLM respectively.
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![**AAV2-CBA-AT2R-WPRE-mediated transduction of AT2R into SD rat RVLM.**Receptor autoradiography was performed using Sar^1^-Ile^8^-Ang II to determine the expression of AT2R in the RVLM of SD rats injected with AAV2-CBA-AT2R-WPRE (1 µl of 5.0 x 10^8^ gc). At 4.5 months after the injection, the rats were euthanized, brains were isolated, and receptor autoradiography was performed as described in the Methods. A representative autoradiogram is presented showing AT2R-specific binding in the region of the RVLM.](ijmsv10p0607g09){#F6}
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